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XE NO GRA FT T HYMI JsS 
PagkgTPtind of thg Invention 
This application is a continuation-in-part of Sykes, USSN 08/1 63,912, filed December 
5 7, 1 993, \s4iich is a continuation in part of Sykes USSN 08/062, 946, filed on May 1 7, 1993. 
This application is also a continuation-in-part of: USSN 08/220,371, filed March 29, 1994; 
USSN 08/212;228, filed March 14, 1994; USSN 08/1 50,739, filed November 10, 1993; 
USSN 08/126,122, filed on September 23, 1993; USSN 08/1 14,072, filed August 30, 1993; 
USSN 07/838,595, filed February 19, 1992; and PCT/US94/01616 filed February 14, 1994. 
1 0 All of the above-recited United States Patent Applications and International Applications arc 
hereby incorporated by reference. 

This invention relates to the replacement of thymus fiinction and to the induction 
or restoration of immunological tolerance. 

The thymus is the central organ for the development of mature, self-tolerant T 
15 cells that recognize peptide antigens in the context of self m^or histocompatibility (MHC) 
antigens. The requirement for self MHC molecules to present antigen is termed MHC 
restriction. Ath)rmic individuals do not have an organ in \^ch to generate nonnal numbers 
of MHC restricted T cells and arc therefore immunoincompetent. 

20 Summary of thg Invgntion 

It has been discovered that host T cells of an athymic T cell depleted host which 
has received a thymic graft, e.g., a xenogeneic thymic graft, can maturc in the donor thymic 
tissue, e.g., in xenogeneic thymic tissue. Host T cells which mature in the implanted 
xenogeneic thymic tissue are immunocompetent. 

25 Accordingly, the invention features, in one aspect, a method of restoring or 

inducing immunocompetence (or restoring or promoting the thymus-depcndent ability for T 
cell progenitors to maturc or develop into ftmctional maturc T cells) in a host or recipient, 
e.g., a primate host or recipient, e.g., a human, which is capable of producing T cell 
progenitors but which is thymus-ftmction deficient and thus unable to produce a sufficient 

30 number of maturc ftmctional T cells for a normal immune response. The invention includes 
the steps of introducing into the primate host, donor thymic tissue, e.g., xenogeneic thymic 
tissue, preferably fetal or neonatal thymic tissue, so that host T cells can mature in the 
implanted thymic tissue. 

In preferred embodiments the donor of the thymic tissue is a xenogeneic species 

35 and: the thymic xenograft is a discordant xenograft; the thymic xenograft is a concordant 

xenograft; the host is a primate, e.g., a human, and the thymic tissue is swine, e.g., miniature 
swine, thymic tissue, or primate thymic tissue. 
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The method can include other steps which facilitate acceptance of the donor 
tissue, or otherwise optimize the method. In preferred embodiments the thymic tissue is 
xenogeneic and: liver or spleen tissue, preferably fetal or neonatal liver or spleen tissue, is 
implanted with the thymic tissue; donor hemopoietic cells, e.g., cord blood stem cells or fetal 
5 or neonatal liver or spleen cells, are administered to the recipient, e.g., a suspension of fetal 
liver cells is administered intraperitoneally or intravenously; the recipient is thymectomized, 
preferably before or at the time the xenograft thymic tissue is introduced. 

In other preferred embodiments the method includes: (preferably prior to or at the 
time of introducing the thymic tissue into the recipient) depleting, inactivating or inhibiting 

1 0 recipient natural killer (NK) cells, e.g., by introducing into the recipient an antibody capable 
of binding to NK cells of the recipient, to prevent NK mediated rejection of the thymic tissue; 
(preferably prior to or at the time of introducing the thymic tissue into the recipient) 
depleting, inactivating or inhibiting host T cell function, e.g., by introducing into the recipient 
an antibody capable of binding to T cells of the recipient; (preferably prior to or at the time of 

15 introducing the thymic tissue into the recipient) depleting, inactivating or inhibiting host 
CD4'^ cell function, e.g., by introducing into the recipient an antibody capable of bmding to 
CD4, or CIM"*" cells of the recipient. 

Other preferred embodiments include the step of (preferably prior to thymic tissue 
or hematopoietic stem cell transplantation) creating hematopoietic space, e.g., by one or more 

20 of: irradiating the recipient manmial with low dose, e.g., between about 100 and 400 rads, 
whole body irradiation, the administration of a myelosuppressive drug, or the administration 
of a hematopoietic stem cell inactivating or depleting antibody, to deplete or partially deplete 
the bone marrow of the recipient (preferably prior to thymic tissue transplantation). 
Other preferred embodiments include (preferably prior to thymic tissue or 

25 hematopoietic stem cell transplantation) inactivating thymic T cells by one or more of: 
irradiating the host with, e.g., about 700 rads of thymic irradiation, administering to the 
recipient one or more doses of an anti T cell antibody, e.g., an anti-CD4 and/or an anti-CD8 
monoclonal antibody, or administering to the recipient a short course of an 
immimosuppressant, as is described in USSN 08/220,371 . 

30 Other preferred embodiments include depleting or otherwise inactivating natural 

antibodies, e.g., by one or more of: the administration of a drug vMch depletes or inactivates 
natural antibodies, e.g., deoxyspergualin; the administration of an anti-IgM antibodies; or the 
absorption of natural antibodies from the host*s blood, e.g., by contacting the host's blood 
with donor antigen, e.g., by hemoperfusion of a donor organ, e;g., a kidney or a liver, from 

35 the donor species. 

In preferred embodiments the host or recipient is a post-natal individual, e.g., an 
adult, or a child. 

In preferred embodiments the method further includes the step of identifying a 
host or recipient which is capable of producing T cell progenitors but which is thymus- 
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function deficient and thus unable to produce a sufficient number of mature functional T cells 
for a normal immune response. . 

In other preferred embodiments, a graft which is obtained from a different organ 
than is the thymic tissue is implanted in the recipient; and the recipient does not receive 
5 hematopoietic stem cells, e.g., bone marrow cells, from the donor or the donor species. 

Other methods can be combined with the methods disclosed herein to promote the 
acceptance of the graft by the recipient. For example, tolerance to the donor tissue can also 
be induced by inserting a nucleic acid vAiich expresses a donor antigen, e.g., a donor MHC 
gene, into a cell of the recipient, e.g., a hematopoietic stem cell, and introducing the 
10 genetically engineered cell into the recipient. For example, human recipient stem cells can be 
engineered to express a swine MHC gene, e.g., a swine class I or class U MHC gene, or both 
a class I and a class II gene, and the cells implanted in a human recipient who will receive 
swine thymic tissue. When inserted into a recipient primate, e.g., a human, expression of the 
donor MHC gene results in tolerance to subsequent exposure to donor antigen, and can thus 
1 5 induce tolerance to thymic tissue fi-om the donor. These methods, and other methods which 
can be combined with the methods disclosed herem, are discussed in Sachs, USSN 08/126, 
122, filed September 23, 1993, hereby incorporated by refo-cnce and in Sachs, USSN 
08/1 29,608, filed September 29, 1 993, hereby incorporated by reference. 

Methods of inducing tolerance, e.g., by the implantation of hematopoietic stem 
20 cells, disclosed in Sachs, Cosimi, and Sykes, USSN 07/838,595, filed February 19, 1992, 
hereby incorporated by reference, can also be combined with the methods disclosed herein. 

Other methods of inducing tolerance may also be used to promote acceptance of 
the donor tissue. For example, suppression of T cell help, which can be induced, e.g., by the 
administration of a short course of high dose immunosuppresant, e.g., cyclosporine, has been 
25 found to induce tolerance. In these methods, T cell help is suppressed for a comparatively 

short period just subsequent to implantation of a graft, and does not require or include chronic 
immunosuppression. These methods, as well as other methods which can be combined with 
the methods disclosed herein, are described in Sachs, USSN 08/220371, filed March 29, 
1 994, hereby incorporated by reference. 
30 Other methods of promoting tolerance or promoting the acceptance of grafts, e.g., 

by altering levels of cytokine activity, are disclosed in Sachs, LeGuem, Sykes, and Blancho, 
USSN 08/1 14,072, filed August 30, 1993, hereby incorporated by reference. 

It has £ilso been discovered that xenogeneic thymic tissue can be used to induce 
tolerance to a xenogeneic graft in a recipient. 
35 Accordingly, in another aspect, the invention features, a method of inducing 

tolerance in a recipient mammal, e.g., a primate, e.g., a human, of a first species to a graft 
obtained firom a mammal of a second species, e.g., a discordant species. The method 
includes; prior to or simultaneous with transplantation of the graft, introducing into the 
recipient mammal thymic tissue, e.g., thymic epithelium, preferably fetal or neonatal thymic 
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tissue, of the second species; and (optionzilly) implanting the graft in the recipient. The 
thymic tissue prepares the recipient for the graft that follows, by inducing immunological 
tolerance at the T-cell level. 

In preferred embodiments: the thymic xenograft is a discordant xenograft; the 
5 thymic xenograft is a concordant xenograft; the recipient is a human and the thymic tissue is 
swine, e.g., miniature swine, thymic tissue, or primate thymic tissue. 

Preferred embodiments include other steps to promote acceptance of the graft 
thymus and the induction of inmiunological tolerance or to otherwise optimize the procedure. 
In preferred embodiments: liver or spleen tissue, preferably fetal or neonatal liver or spleen 
tissue, is implanted with the thymic tissue; donor hemopoietic cells, e.g., cord blood stem 
cells or fetal or neonatal liver or spleen cells, are administered to the recipient, e.g., a 
suspension of fetal liver cells administered intraperitoneally or intravenously; the recipient is 
thymectomized, preferably before or at the time the xenograft thymic tissue is introduced. 

In other preferred embodiments the method includes (preferably prior to or at the 
time of introducing the thymic tissue or stem cells into the recipient) depleting, inactivating 
or inhibiting recipient NK cells, e.g., by introducing into the recipient an antibody capable of 
binding to natural killer (NK) cells of the recipient, to prevent NK mediated rejection of the 
thymic tissue; (preferably prior to or at the time of introducing the thymic tissue into the 
recipient) depleting, inactivating or inhibiting recipient T cells, e.g., by introducing into the 
recipient an antibody capable of binding to T cells of the recipient; (preferably prior to or at 
the time of introducing the thymic tissue or stem cells into the recipient) depleting, 
inactivating or inhibiting host CD4^ cell fimction, e.g., by introducing into the recipient an 
antibody capable of binding to CD4, or CD4"*" cells of the recipient. An anti-mature T cell 
antibody which lyses T cells as well as NK cells can be administered. Lysing T cells is 
advantageous for both thymic tissue and xenograft survival. Anti-T cell antibodies are 
present, along with anti-NK antibodies, in anti-thymocyte anti-serum. Repeated doses of 
anti-NK or anti-T cell antibody may be preferable. Monoclonal preparations can be used in 
the methods of the invention. 

Other preferred embodiments include those in which: the recipient does not 
receive hemopoietic cells fix)m the donor or the donor species: the same mammal of the 
second species is the donor of both the graft and the thymic tissue; the donor mammal is a 
swine, e.g., a miniature swine; an anti-human thymocyte polyclonal anti-serum, obtained, 
e.g., fi-om a horse or pig is administered to the recipient. 

Other preferred embodiments include the step of (preferably prior to thymic tissue or 
hematopoietic stem cell transplantation) creating hematopoietic space, e.g., by one or more 
of: irradiating the recipient manmial with low dose, e.g., between about 100 and 400 rads, 
whole body irradiation, the administration of a myelosuppressive drug, the administration of 
a hematopoietic stem cell inactivating or depleting antibody, to deplete or partially deplete 
the bone marrow of the recipient. 
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Other preferred embodiments include (preferably prior to thymic tissue or 
hematopoietic stem cell transplantation) inactivating thymic T cells by one or more of: 
irradiating the recipient with, e.g., about 700 rads of thymic irradiation, administering to the 
recipient one or more doses of an anti T cell antibody, e.g., an anti-CD4 and/or an anti-CD8 
5 monoclonal antibody, or administering to the recipient a short course of an 
immimosuppressant, as is described in USSN 08/220,371 . 

In preferred embodiments the host or recipient is a post-natal individual, e.g., an adult, 
or a diild. 

In preferred embodiments the method further includes the step of identifymg a 
1 0 host or recipient which is in need of a graft. 

Other preferred embodiments include depleting or otherwise inactivating natural 
antibodies, e.g., by one or more of: the administration of a drug which depl^es or inactivates 
natural antibodies^ e.g., deoxy^i^;ualin; the administration of an anti-IgM antibodies; or the 
absorption of natural antibodies from the recipient's blood, e.g., by contacting the hosts blood 
1 5 with donor antigen, e.g., by hemopcrfiision of a donor organ, e.g., a kidney or a liver, from 
the donor species. 

Other methods can be combined with the methods disclosed herein to promote the 
acceptance of the graft by the recipient For example, tolerance to the xmogeneic thymic 
tissue can also be induced by inserting a nucleic acid which expresses a donor antigen, e.g., a 

20 donor MHC gene, into a cell of the recipient, e.g., a hematopoietic stem cell, and introducing 
the genetically engine^ed cell into the recipient. For example, human recipient stem cells 
can be engineered to express a swine MHC gene, e.g., a swine class I or class II MHC gene, 
or both a class I and class II gene, and the cells implanted in a human recipient ^^o will 
receive swine thymic tissue. When inserted into a recipient primate, e.g., a human, 

25 expression of the donor MHC gene results in tolerance to subsequent exposure to donor 

antigen, and can thus induce tolerance to thymic tissue from the donor. These methods, and 
other methods which can be combined with the methods disclosed herein, are discussed in 
Sachs, USSN 08/126, 122, filed September 23, 1993, and in Sachs, USSN 08/129,608, filed 
September 29, 1993, 

30 Methods of inducing tolerance, e.g., by the implantation of hematopoietic stem 

cells, disclosed in Sachs, Cosimi, and Sykcs, USSN 07/838,595. filed February 19, 1992, can 
also be combined with the methods disclosed herein. 

Other methods of inducing tolerance may also be used to promote acceptance of 
the xenogeneic thymic tissue. For example, suppression of T cell help, which can be 

35 induced, e.g., by the administration of a short course of high dose immunosupprcsant, e.g., 
cyclosporine, has been found to induce tolerance. In these methods, T cell help is suppressed 
for a comparatively short period just subsequent to implantation of a graft, and does not 
require or include chronic immunosuppression. These methods, as well as other methods 
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which can be combined with the methods disclosed herein, are described in Sachs, USSN 
08/220,371, filed March 29, 1994. 

Other methods of promoting tolerance or promoting the acceptance of grafts, e.g., 
by altering levels of cytokine activity, are disclosed in Sachs, LeGuem, Sykes, and Blancho, 
5 USSN 08/1 14,072 filed August 30, 1993. 

In another aspect, the invention features, a method of restoring or inducing 
immunocompetence in a recipient, e.g., a primate recipient, e.g., a human, at risk for an 
acquired inmiune disorder, (e.g., a human at risk for AIDS), which is capable of producing T 
cell progenitors but which is thymus-fiinction deficient and thus unable to produce a 
sufficient number of mature functional T cells to provide a normal inununc response. The 
invention includes the steps of introducing into the primate recipient, donor thymic tissue, 
e.g., xenogeneic thymic tissue, so that recipient T cells can mature in the implanted donor 
thymic tissue. The thymic tissue is preferably fetal or neonatal thymic tissue. 

In preferred embodiments the thymic tissue is xenogeneic and: the thymic 
xenograft is a discordant xenograft; the thymic xenograft is a concordant xenograft; the 
recipient is a human and the thymic tissue is vertebrate, e.g., swine, e.g., miniature swine, 
thymic tissue, or primate thymic tissue. 

Acceptance of a graft, especially a xenogeneic graft, will depend on the stage of 
the immime disorder. Generally, the more advanced the disorder the more compromised the 
recipient immune system and the easier it is to induce acceptance of donor thymic tissue. In 
some cases, the tolerizing effect of the graft itself will be sufficient to provide for acceptance 
of xenogeneic thymus. In other cases, additional measures will be needed. Thus, the method 
can include other steps which facilitate acceptance of the donor tissue or otherwise optimize 
the method. 

In preferred embodiments: liver or spleen tissue, preferably fetal or neonatal liver 
or spleen tissue, is implanted with the thymic tissue; donor hemopoietic cells, e.g., cord blood 
stem cells or fetal or neonatal liver or spleen cells, are administered to the recipient, e.g., a 
suspension of fetal liver cells is administered intraperitoneally or intravenously; the recipient 
is thymectomized, preferably before or at the time the xenograft thymic tissue is introduced. 

In preferred embodiments: the method includes (preferably prior to or at the time 
of introducing the thymic tissue into the recipient) depleting, inactivating or inhibiting 
recipient NK cells, e.g., by introducing into the recipient an antibody capable of binding to 
natural killer (NK) cells of the recipient, to prevent NK mediated rejection of the thymic 
tissue; the method includes (preferably prior to or at the time of introducing the thymic tissue 
into the recipient), depleting, inactivating or inhibiting recipient T cells, e.g., by introducing 
into the recipient an antibody capable of binding to T cells of the recipient;(preferably prior 
to or at the time of introducing the thymic tissue into the recipient) depleting, inactivating or 
inhibiting host CD4'^ cell fimction, e.g., by introducing into the recipient an antibody capable 
of binding to CD4, or CD4^ cells of the recipient. ' 
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Other preferred embodiments include the step of (preferably prior to thymic tissue or 
hematopoietic stem cell transplantation) creating hematopoietic space, e.g., by one or more 
of: irradiating the recipient mammal with low dose, e.g., between about 100 and 400 lads, 
whole body irradiation, the administration of a myelosuppressive drug, the administration of 
5 a hematopoietic stem cell inactivating or depleting antibody, to deplete or partially deplete 
the bone marrow of the recipient 

Other preferred embodiments include (preferably prior to thymic tissue or 
hematopoietic stem cell transplantation) inactivating thymic T cells by one or more of: 
irradiating the recipient mammal with, e.g., about 700 rads of thymic irradiation, 
10 administering to the recipient one or more doses of an anti T cell antibody, e.g., an anti-CD4 
and/or an anti-CD8 monoclonal antibody, or administering to the recipient a short course of 
an immunosuppressant, as is described in USSN 08/220,371 . 

Other preferred embodimoits include depleting or otherwise inactivating natural 
antibodies, e.g., by one or more of: the administration of a drug which depletes or inactivates 
1 5 natural antibodies, e.g., deoxyspergualin; the administration of an anti-IgM antibodies; or the 
absorption of natural antibodies from the recipient's blood, e.g., by contacting the hosts blood 
with donor antigen, e.g., by hemoperfusion of a donor organ, e.g., a kidney or a liver, finom 
the donor species. 

In preferred embodiments the host or recipient is a post-natal individual, e.g., an adult, 
20 or a child. 

In preferred embodiments the method further includes the step of idcntifyii^ a 
host or recipient which is at risk for an acquired immtme disorder, (e.g., a human at risk for 
AIDS), ^^ch is capable of producing T cell progenitors but which is thymus-fiinction 
deficient and thus unable to produce a sufficient number of mature functional T cells to 

25 provide a normal immune response. 

Other methods can be combined with the methods disclosed herein to promote the 
acceptance of the thymic graft by the recipient For example, tolerance to donor tissue can 
also be induced by inserting a nucleic acid which expresses a donor antigen, e.g., a donor 
MHC gene, into a cell of the recipient, e.g., a hematopoietic stem cell, and introducing the 

30 genetically engineered cell into the recipient. For example, human recipient stem cells can be 
engineered to express a swine MHC gene, e.g., a swine class I or class II MHC gme, or both 
a class I and a class II MHC gene, and the cells implanted in a human recipient vAio will 
receive swine thymic tissue. When inserted into a recipient primate, e.g., a human, 
expression of the donor MHC gene results in tolerance to subsequent exposure to donor 

35 antigen, and can thus induce tolerance to thymic tissue from the donor. These methods, and 
other methods which can be combined with the methods disclosed herein, are discussed in 
Sachs, USSN 08/126, 122, filed September 23, 1993, hereby incorporated by reference and in 
Sachs, USSN 08/220^71, filed March 29, 1994. 
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Methods of inducing tolerance, e.g., by the implantation of hematopoietic stem 
cells, disclosed in Sachs, Cosimi, and Sykes, USSN 07/838,595, filed February 19, 1992, can 
also be combined with the methods disclosed herein. 

Other methods of inducing tolerance may also be used to promote acceptance of 
5 the donor thymic tissue. For example, suppression of T cell help, which can be induced, e.g., 
by the administration of a short course of high dose immimosuppresant, e.g., cyclosporine, 
has been found to induce tolerance. In these methods, T cell help is suppressed for a 
comparatively short period just subsequent to implantation of a graft, and does not require or 
include chronic immunosuppression. These methods, as well as other methods which can be 
1 0 combined with the methods disclosed herein, are described in Sachs, USSN 08/220,37 1 , fil^ 
March 29, 1994. 

Other methods of promoting tolerance or promoting the acceptance of grafts, e.g., 
by altering levels of cytokine activity, are disclosed in Sachs, LeGuem, Sykes, and Blanche, . 
USSN 08/1 14,072, filed August 30, 1993. 

1 5 In another aspect, the invention features, a method of restoring or inducing 

inununocompetencc in a recipient, e.g., a primate recipient, e.g., a human, at risk for an 
acquired immime disorder, (e.g., a human at risk for AIDS) which is unable to produce a a 
normal or sufficient number of mature functional T cells to provide normal immune function. 
The invention includes the steps of introducing into the primate recipient, donor 

20 hematopoietic stem cells, so that donor T cells can mature in the recipient thymus. 

In preferred embodiments the donor stem cells are fix)m a xenogeneic donor and: 
the xenograft hematopoietic stem cells are from a discordant species; the hematopoietic stem 
cells are from a concordant species; the recipi^t is a human and the hematopoietic stem cells 
are vertebrate, e.g., swine, e.g., miniature swine, hematopoietic stem cells, or primate 

25 hemopoietic stem cells. 

Acceptance of the donor cells will depend on the stage of the immime disorder. 
Generally, the more advanced the disorder the more compromised the recipient inununc 
system and the easier it is to induce acceptance of donor, especially xenogeneic donor, tissue. 
In some cases, the tolerizing effect of the stem cells themselves will be sufficient to provide 

30 for acceptance. In other cases, additional measures will be needed. Thus, the method can 
include other steps which facilitate acceptance of the donor cells or otherwise optimize the 
method. In preferred embodiments: liver or spleen tissue, preferably fetal or neonatal liver 
or spleen tissue, is implanted with the donor hemopoietic cells, e.g., cord blood stem cells or 
fetal or neonatal liver or spleen cells, are administered to the recipient, e.g., a suspension of 

35 fetal liver cells is administered intraperitoneally or intravenously. 

In preferred embodiments: the method includes, (preferably prior to or at the time 
of introducing the donor cells into the recipient) depleting, inactivating or inhibiting recipient 
NK cells, e.g., by introducing into the recipient an antibody capable of binding to natural 
killer (NK) cells of the recipient, to prevent NK mediated rejection of the thymic tissue; the 
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method includes (preferably prior to or at the time of introducing the thymic tissue into the 
recipient), depleting, inactivating or inhibiting recipient T cells, e.g., by introducing into the 
recipient an antibody capable of binding to T cells of the recipient; (preferably prior to or at 
the time of introducii^ the thymic tissue into the recipient) depleting, inactivating or 
5 inhibiting host CD4"^ cell function, e.g., by introducing into the recipient an antibody capable 
of binding to CD4, or CD4"*" cells of the recipient. 

Other preferred embodiments include the step of (preferably prior to thymic tissue or 
hematopoietic stem cell transplantation) creating hematopoietic space, e.g., by one or more 
of: irradiating the recipient mammal with low dose, e.g., between about 100 and 400 rads, 

10 whole body irradiation, the administration of a myelosupfmssive drug, the administration of 
a hematopoietic stem cell inactivating or depleting antibody, to dq^lete or partially deplete 
the bone marrow of the recipient 

Other preferred embodiments include (preferably prior to thymic tissue or 
hematopoietic stem cell transplantation) inactivating thymic T cells by one or more of: 

1 5 irradiating the recipient mammal with, e.g., about 700 rads of thymic irradiation, 

administering to the recipient one or more doses of an anti T cell antibody, e.g., an anti-CIM 
and/or ah anti-CD8 monoclonal antibody, or administering to the recipient a short course of 
an immunosuppressant, as is described in USSN 087220,371, 

Other iH'efeTrod embodiments include depleting or otherwise inactivating natural 

20 antibodies, e.g., by one or more of: the administration of a drug which depletes or inactivates 
natural antibodies, e.g., deoxyspergualin; the administration of an anti-IgM antibodies; or the 
absorption of natural antibodies firom the recipient's blood, e.g., by contacting the hosts blood 
with donor antigen, e.g., by hemoperfusion of a donor oi^an, e.g., a kidney or a liver, from 
the donor species. 

25 In preferred embodiments the host or recipient is a post-natal individual, e.g., an adult, 

or a child. 

In preferred embodiments the method further includes the step of identifying a 
host or recipient which is at risk for an acquired immune disorder, (e.g., a human at risk for 
AIDS) and which is unable to produce a a normal or sufficient number of mature functional T 

30 cells to provide normal immune function. . 

Other methods can be combined with the methods disclosed herein to promote the 
acceptance of the transplanted stem cells by the recipient. For example, tolerance to donor 
tissue can be induced by inserting a nucleic acid which expresses a donor antigen, e.g.^ a 
donor MHC gene, into a cell of the recipient e.g., a hematopoietic stem cell, and introduc'mg 

35 the genetically engineered cell into the recipient. For example, human recipient stem cells 
can be engineered to express a swine MHC gene, e.g., a swine class I or class II MHC gene, 
or both a class I and a class II gene, and the cells implanted in a human recipient who will 
receive swine thymic tissue. When inserted into a recipient primate, e.g., a human, 
expression of the donor MHC gene results in tolerance to subsequent exposure to donor 
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antigen, and can thus induce tolerance to tissue from the donor. These methods, and other 
methods which can be combined with the methods disclosed herein, are discussed in Sachs, 
USSN 08/126, 122, filed September 23, 1993, and in Sachs, USSN 08/220,371, filed March 
29, 1994. 

5 Methods of inducing tolerance, e.g., by the implantation of hematopoietic stem 

cells, disclosed in Sachs, Cosimi, and Sykes, USSN 07/838,595, filed February 19, 1992, can 
also be combined with the methods disclosed herein. 

Other methods of inducing tolerance can be combined with the methods disclosed 
herein to promote acceptance of donor tissue. For example, st^)pression of T cell help, which 
10 can be induced, e.g., by the administration of a short course of high dose inununosuppresant, 
e.g., cyclosporine, has been foimd to mducc tolerance. In these methods, T cell help is 
suppressed for a comparatively short paiod just subsequent to implantation of a graft, and 
does not require or include chronic immunosuppression. These methods, as well as other 
methods which can be combined with the methods disclosed herein, arc described in Sachs, 
15 USSN 08/220,371, filed March 29, 1994. 

Other methods of promoting tolerance or promoting the acceptance of grafts, e.g., 
by altering levels of cytokine activity, are disclosed in Sachs, LeGuem, Sykes, and Blanche, 
USSN 08/1 14,072, filed August 30, 1993. 

In another aspect, the invention features, a method of restoring or inducing 
20 immunocompetence in a recipient, e.g., a primate recipient, e.g., a human, at risk for an 
acquired immxme disorder, (e.g., a human at risk for AIDS), which is thymus-fimction 
deficient and thus unable to produce a normal number of mature fiinctional T cells or a 
sufficient nimiber of mature fimctional T cells for a normal immune response. The invention 
includes the steps of introducing into the primate recipient, donor thymic tissue, preferably, 
25 xenogeneic thymic tissue, and donor hematopoietic stem cells, preferably xenogeneic 

hematopoietic stem cells, so that donor T cells can mature in the implanted donor thymic 
tissue. The thymic tissue is preferably fetal or neonatal thymic tissue. 

In preferred embodiments the thymic graft is a xenograft and: the thymic 
xenograft is a discordant xenograft; the thymic xenograft is a concordant xenograft; the 
30 recipient is a human and the thymic tissue is vertebrate, e.g., swine, e.g., miniature swine, 
thymic tissue, or primate thymic tissue. 

In preferred embodiments: the xenograft hematopoietic stem cells are from a 
discordant species; the hematopoietic stem cells are a concordant species; the recipient is a 
human and the hematopoietic stem cells are vertebrate, e.g., swine, e.g., miniature swine, 
35 hematopoietic stem cells, or primate hemopoietic stem cells. 

In preferred embodiments the donor of the thymic graft and the donor of the stem 
cells are: the same organism; fi-om the same species; syngeneic; matched at at least one MHC 
locus; matched at at least one class I MHC locus; matched at at least one class II MHC locus; 
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15 



sufficienUy MHC matched that one will not reject a graft from the other, miniature swine 
from a herd which is completely or partially inbred. 

Acceptance of donor tissue, especially xenogeneic tissue, will depend on the stage 
of the immune disorder. Generally, the more advanced the disorder the more compromised 
5 the recipient immune system and the easier it is to induce acceptance of donor tissue. In 
some cases, the tolcrizing effect of the donor tissue itself will be sufficient to provide for 
acceptance. In other cases, addiuonal measures will be needed. TTius, the method can 
include other steps which facilitate acceptance of donor tissue or otherwise optimize the 
mediod. In prefemsd embodiments: liver or spleen tissue, preferably felal or neonatal liver 
10 or spleen tissue, is implanted wiUi the Uiymic tissue; donor hemopoietic cells, e.g., coitl blood 
cells or fetal or neonatal liver or spleen cells, are administered to tiie recipient. e.g., a 
suspension of fetal liver cells is administered intraperitoncally or intravenously; the recipient 
IS tiiymectomizcd, preferably before or at the time the xenograft tiiymic tissue is intrxxiuced. 

In preferred embodiments: tiie metiiod includes, (preferably prior to or at tiie time 
of introducing tiie tiiymic tissue or stem cells into tiie recipient) depleting, inactivating or 
inhibiting recipient NK cells, e.g., by introducing into tiie recipient an antibody capable of 
binding to natural killer (NK) cells of tiie recipient, to prevent NK mediated rejection of tiie 
tiiymic tissue; tiic metiiod includes, (preferably prior to or at tiie time of introducing tiie 
tiiymic tissue or stem cells into tiie recipient) depleting, inactivating or inhibiting recipient T 
cells, c.g., by introducing into tiie recipient an antibody capable of binding to T cells of tiic 
recipient mammal; (preferably prior to or at tiie time of introducing tiie tiiymic tissue or stem 
cells into tiie recipient) depleting, inactivating or inhibiting host CD4+ cell function, e.g., by 
introducing into tiie recipient an antibody capable of binding to CD4, or CD4+ cells of tiie 
recipient. 

Otiier preferred embodiments include tiic step of (preferably prior to tiiymic tissue or 
hematopoietic stem cell transplantation) creating hematopoietic space, e.g., by one or more 
of: irradiating tiie recipient mammal widi low dose, e.g., between about 100 and 400 rads, 
whole body irradiation, tiie administration of a myelosuppressive drug, tiic administration of 
a hematopoietic stem cell inactivating or depleting antibody, to dqjlete or partially deplete 
30 the bone marrow of the recipient. 

Otiier preferred embodiments include (preferably prior to tiiymic tissue or 
hematopoietic stem cell transplantation) inactivating tiiymic T cells by one or more of: 
irradiating the recipient mammal witii, c.g., about 700 rads of tiiymic irradiation, 
administering to tiie recipient one or more doses of an anti T cell antibody, e.g., an anti-CD4 
and/or an anti-CD8 monoclonal antibody, or administering to tiie recipient a short course of 
an immunosuppressant, as is described in USSN 08/220,371 . 

Otiier preferred embodiments include depleting or otherwise inactivating natural 
antibodies, e.g., by one or more of: tiie administration of a drog which depletes or inactivates 
natural antibodies, e.g., dcoxyspergualin; tiie administration of an anti-IgM antibodies; or the 
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absorption of natural antibodies from the recipient's blood, e.g., by contacting the hosts blood 
with donor antigen, e.g., by hemopcrfusion of a donor organ, e.g., a kidney or a liver, from 
the donor species. 

In preferred embodiments the host or recipient is a post-natal individual, e.g., an adult, 
5 or a child- 

In preferred embodiments the method fiirthcr includes the step of identifying a 
host or recipient which is at risk for an acquired immune disorder, (e.g., a human at risk for 
AIDS), and which is thymus-ftmction deficient and thxis imable to produce a normal number 
of mature functional T cells or a sufBcient number of mature ftuKtional T cells for a normal 
1 0 immune response. 

Other methods can be combined with the methods disclosed herein to promote the 
acceptance of donor tissue by the recipient. For example, tolerance to donor tissue can be 
induced by inserting a nucleic acid which expresses a donor antigen, e.g., a donor MHC gene, 
into a cell of the recipient, e.g., a hematopoietic stem cell, and introducing the genetically 
1 5 engineered cell into the recipient. For example, human recipient stem cells can be engineered 
to express a swine MHC gene, e.g. a swine class I or class II MHC gene, or both a class I and 
a class II gene, and the cells implanted in a human recipient wiio will receive swine thymic 
tissue. When inserted into a recipient primate, e.g., a human, expression of the donor MHC 
gene results in tolerance to subsequent exposure to donor antigen, and can thus induce 
20 tolerance to tissue from the donor. These methods and other methods which can be combined 
with the methods disclosed herein are discussed in Sachs, USSN 08/126, 122, filed 
September 23. 1993, and in Sachs, USSN 08/220,371 , filed March 29, 1994. 

Methods of inducing tolerance, e.g., by the implantation of hematopoietic stem 
cells, disclosed in Sachs, Cosimi, and Sykes, USSN 07/838,595, filed February 19, 1992, can 
25 also be combined with the methods disclosed herein. 

Other methods of inducing tolerance can be combined with the methods disclosed 
herein to promote acceptance of donor tissue. For example, suppression of T cell help, which 
can be induced, e.g., by the administration of a short course of high dose immimosuppresant, 
e.g., cyclosporine, has been found to induce tolerance. In these methods, T cell help is 
30 suppressed for a comparatively short period just subsequent to implantation of a graft, and 
does not require or include chronic immunosuppression. These methods, as well as other 
methods which can be combined with the methods disclosed herein, are described in Sachs, 
USSN 08/220,371, filed March 29, 1994. 

Other methods of promoting tolerance or promoting the acceptance of donor 
35 tissue, e.g., by altering levels of cytokine activity, or inhibiting Graft-versus-recipient- 
disease, are disclosed in Sachs, LeGuem, Sykes, and Blancho, USSN 08/1 14,072, filed 
August 30, 1993. 

It has also been discovered that hemopoietic cells can be use to induce tolerance to 

a graft. 
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Accordingly, in another aspect, the invention features, a method of inducing 
immunological tolerance in a recipient mammal, e.g., a primate, e.g., a human, of a first 
species to a graft obtained fh)m a donor mammal of a second species, e.g., a discordant 
species e.g., a discordant primate species. The method includes: prior to or simultaneous 
5 with transplantation of the graft, introducing into the recipient mammal hematopoietic stem 
cells, e.g., bone marrow cells, or fetal liver or spleen cells, of the second species; (preferably, 
the hematopoietic stem cells home to a site in the recipient manunai); optionally, (preferably 
prior to introducing the hematopoietic stem cells into the recipient mammal), depleting, 
inactivating or inhibiting recipient NK cells, e.g., by introducing into the recipient mammal 

10 an antibody capable of binding to natural killer (NK) cells of the recipient mammal, to 
prevent NK mediated rejection of the hematopoietic cells; and (optionally) implanting the 
graft in the recipient As will be explained in more detail below, the hematopoietic cells 
prq>are the recifuent for the graft that follows, by inducing tolo^ce at both the B^Il and T- 
cell levels. PrefOTibly, hematopoietic cells are fetal liver or spleen, or bone marrow cells, 

1 5 including immature cells (i.e., undifferentiated hematopoietic stem cells; these desired cells 
can be separated out of the bone marrow prior to administration), or a complex bone marrow 
sample including such cells can be used 

One source of anti-NK antibody is anti-human thymocyte polyclonal anti-serum. 
A second, anti-mature T cell antibody can be administered as well, which lyses T cells as 

20 well as NK cells. Lysing T cells is advantageous for both bone marrow and xmograft 

survival, Anti-T cell antibodies are present, along with anti-NK antibodies, in anti-thymocyte 
anti-serum. Repeated doses of anti-NK or anti-T cell antibody may be preferable. 
Monoclonal preparations can be used in the methods of the invention. 

Preferred embodim^ts include: the step of introducing into the recipient 

25 mammal, donor q>ecies-specific stromal tissue, preferably hematopoi^c stromal tissue, e.g., 
fetal liver or thymus; and the step of prior to hematopoietic stem cell transplantation, 
introducing into the recipient mammal an antibody capable of bindii^ to mature T cells of the 
recipient mammal. 

Preferred embodiments include those in which: the stromal tissue is introduced 
30 simultaneously with, or prior to, the hraiatopoietic stem cells; the hematopoietic stem cells 
are introduced simultaneously with, or prior to, the antibody; the stromal tissue is introduced 
simultaneously with, or prior to, the hematopoietic stem cells, and the hematopoietic stem 
cells are introduced simultaneously with, or prior to, the antibody. 

Prefetred embodiments include those in which: the same mammal of the second 
35 species is the donor of both the graft and the hematopoietic cells; the donor mammal is a 

swine, e.g., a miniature swine; the introduction is by intravenous injection; and an anti-human 
thymocyte polyclonal anti-serum, obtained, e.g., from a horse or pig is administered. 

Other preferred embodiments include the step of (preferably prior to thymic tissue or 
hematopoietic stem cell transplantation) creating hematopoietic space, e.g., by one or more 
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of: irradiating the recipient mammal with low dose, e,g., between about 100 and 400 rads, 
whole body irradiation, the administration of a myelosuppressive drug, the administration of 
a hematopoietic stem cell inactivating or depleting antibody, to deplete or partially deplete 
the bone marrow of the recipient. 
5 Other preferred embodiments include (preferably prior to thymic tissue or 

hematopoietic stem cell transplantation) inactivating thymic T cells by one or more of: 
irradiating the recipient mammal with, e.g., about 700 rads of thymic irradiation, 
administering to the recipient one or more doses of an anti T cell antibody, e.g., an anti-CD4 
and/or an anti-CD 8 monoclonal antibody, or administering to the recipient s short course of 

1 0 an immunosuppressant, as is described in USSN 08/220,37 1 . 

Other preferred embodiments include depleting or otherwise inactivating natural 
antibodies, e.g., by one or more of: the administration of a drug which depletes or inactivates 
natural antibodies, e.g., deoxyspergualin; the administration of an anti-IgM antibodies; or the 
absorption of natural antibodies from the recipient's blood, e.g., by contacting the hosts blood 

1 5 with donor antigen, e.g., by hemoperfiision of a donor organ, e.g., a kidney or a liver, from 
the donor species. 

Preferred embodiments include: (preferably prior to hematopoietic stem cell 
transplantation) depleting, inactivating, or inhibiting recipient T cells, e.g., by introducing 
into the recipient an antibody capable of binding to mature T cells of the recipient. 
20 Preferably the graft is obtained from a different organ than the hematopoietic stem 

cells. 

Preferred embodiments include those in which: the primate is a cynomolgus 
monkey; the primate is a human; the stromal tissue is fetal or neonatal liver, the stromal 
tissue is fetal or neonatal thymus; the mammal is a swine; e.g., a miniature swine; the graft is 

25 a liver; the graft is a kidney. 

Other methods can be combined with the methods disclosed herein to promote the 
acceptance of the graft by the recipient. For example, tolerance to the xenogeneic thymic 
tissue can also be induced by inserting a nucleic acid which expresses a donor antigen, e.g., a 
donor MHC gene, into a cell of the recipient, e.g., a hematopoietic stem cell, and introducing 

30 the genetically engineered cell into the recipient. For example, human recipient stem cells 
can be engineered to express a swine class I or class II MHC gene, or both a class I and II 
gene, and the cells implanted in a human recipient who will receive swine thymic tissue. 
When inserted into a recipient primate, e.g., a himian, expression of the donor MHC gene 
results in tolerance to subsequent exposure to donor antigen, and can thus induce tolerance to 

35 thymic tissue from the donor. These methods, and other methods which can be combined 
with the methods disclosed herein, are discussed in Sachs, USSN 08/126, 122, filed 
September 23, 1 993, and in Sachs, USSN 08/220,37 1 , filed March 29, 1 994. 
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'^^^'^ °f '"d^^ing tolerance, e.g.. by the implantation of hematopoietic stem 
c^Hs^dascIosed m Sachs, Cosimi, and Sykes. USSN 07/838,595, filed Febn.a^T9 1992 can 
also be combmed with the methods disclosed herein. ' 

Other methods of inducing tolerance may also be used to promote acceptance of 

t:i:zTr'T^'- ^---''•-—-fTcenheiUichcrbT ' 

vcl K t!::^""^^- °f ^ ^hort cou«e of high dose immunosuppn^t e g 
cyclosponne. has been found to induce tolerance. In these methods. T cell he^Tul^s^d 

10 Zhibe Thesemethods,aswel,asothermethods 

08^20^1 r^^^^ ^ - Sachs, USSN 

08/220.371. filed March 29. 1994. hen*y incorporated by reference 

^^"^"^^^^^fP'^^oting tolerance or prx>moting the acceptance of grafb 
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) who^ ! *" ™* about 100 and «0 n«U 
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the bone marrow of the recipient yucpieie 

OAer preferred embodiments include (preferably prior to thymic tissue or 
hematoporetrc stem cell transplantation) inacUvating thymic T cells by one or more of 
i^diatmg the recipient mammal with. e.g.. about 700 rads of thymic irradiation, 
adn^mster^g to the recipient one or more doses of an anti T cell antibody, e.g., an anU-CD4 

an unmunosuppressant. as is described in USSN 08/220,371. 
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Other preferred embodiments include depleting or otherwise inactivating natural 
antibodies, e.g., by one or more of: the administration of a drug which depletes or inactivates 
natural antibodies, e.g., deoxyspergualin; die administration of an anti-IgM antibodies; or the 
absorption of natural antibodies from the recipient's blood, e.g., by contacting the hosts blood 
5 with donor antigen, e.g., by hemoperfusion of a donor organ, e.g., a kidney or a liver, from 
the donor species. 

In other preferred embodiments; the method includes: (preferably prior to or at 
the time of introducing the thymic tissue into the recipient) dqjleting, inactivating or 
inhibiting recipient natural killer (NK) cells, e.g., by introducing into the recipient an 

1 0 antibody capable of binding to NK cells of the recipient, to prevent NK mediated rejection of 
the thymic tissue; (preferably prior to or at the time of introducing the thymic tissue into the 
recipient) depleting, inactivating or inhibiting host f cell frmction, e,g., by introducing into 
the recipient an antibody capable of binding to T cells of the recipient. 

Other methods can be combined with the methods disclosed herein to promote 

1 5 tolerance to a graft. Methods of inducing tolerance, e.g., by the implantation of 

hematopoietic stem cells, disclosed in Sachs, Cosimi, and Sykes, USSN 07/838,595, filed 
February 19, 1992, can also be combined with the methods disclosed herein. 

Other methods of inducing tolerance may also be used to promote acceptance of 
donor tissue. For example, suppression of T cell help, which can be induced, e.g., by the 

20 administration of a short course of high dose immunosiqjpresant, e.g., cyclosporine, has been 
found to induce tolerance. In these methods, T cell help is suppressed for a comparatively 
short period just subsequent to implantadon of a graft, and does not require or include chronic 
immunosuppression. These methods, as well as other methods which can be combined with 
the methods disclosed herein, are described in Sachs, USSN 08/220,371, filed March 29, 

25 1994. 

Other methods of promoting tolerance or promoting the acceptance of grafts, e.g., 
by altering levels of cytokine activity, are disclosed in Sachs, LeGuem, Sykes, and Blanche, 
USSN 08/1 14,072, filed August 30, 1993, 

At risk for AIDS, as used herein, refers to being HIV positive or having AIDS. 

30 Restoring, inducing, or promoting immunocompentOTce, as used herein, means 

one or both of: (1) increasing the nimiber of mature functional T cells in the recipient (over 
what would be seen in the absence of treatment with a method of the invention) by either or 
both, increasing the number of recipient-mature fiinctional T cells or by providing mature 
fiinctional donor-T cells, which have matured in the recipient; or (2) improving the immune- 

35 responsiveness of the recipient, e.g., as is measured by the ability to mount a skin response to 
a recall antigen, or improving the responsiveness of a of a T cell of the recipient, e.g., as 
measured by an in vitro test, e.g., by the improvement of a proliferative response to an 
antigen, e.g., the response to tetnus antigen or to an alloantigm. 
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A mature functional T cell, as used herein, is a T cell (of recipient or donor origin) 
which responds to microbial antigens and tolerant to recipient and donor tissue. 

Restoring or inducing the thymus-depcndent ability for T cell progenitors to 
mature into mature T cells, as used herein, means either or both, increasing the number of 
5 functional mature T cells of recipient origin in a recipient, or providing mature functional 
donor T cells to a recipient, by providing donor thymic tissue in which T cells can mature. 
The increase can be partial, e.g., an increase which does not bring the level of mature 
functional T cells up to a level which results in an essentially normal immune response or 
partial, e.g., an increase which falls short of bringing the recipient's level of mature functional 
10 T cells up to a level which results in an essentially normal immune response. 

"Thymus-fimction deficient", as used herein, refers to a condition in which the 
ability of an individual's thymus to support the maturation of T cells is impaired as compared 
with a normal individual. Thymus deficient conditions include those in which the thymus or 
thymus function is essentially absent. 
15 "Tolerance", as used herein, refers to the inhibition of a graft recipient's ability to 

mount an immune response, e.g., to a donor antigen, which would otherwise occur, e.g., in 
response to the introduction of a non self MHC antigen into the recipient. Tolerance can 
involve humoral, cellular, or both humoral and cellular responses. The concept of tolerance 
includes both complete and partial tolerance. In other words, as used herein, tolerance 
20 include any degree of inhibition of a graft recipient's ability to mount an immune response, 
e.g., to a donor antigea 

** A discordant species combination**, as used herein, refers to two species in which 
hyperacute rejection occurs when vascular organs are grafted. Generally, discordant species 
are from different orders, white non-discordant species are from the same order. For 
25 example, rats and mice are non-discordant species, i.e. their MHC antigens are substantially 
similar, and they are members of the same order, rodentia. 

"Hematopoietic stem cell", as used herein, refers to a cell that is cs^^able of 
developing into mature myeloid and/or lymphoid cells. Preferably, a hematopoietic stem cell 
is capable of the long-tarn repopulation of the myeloid and/or lymphoid lineages. 
30 "Miniature swine", as used herein, refers to completely or partially inbred 

miniature swine. 

"Graft", as used herein, refers to a body part, organ, tissue, cells, or portions 

thereof. 

"Stromal tissue", as used herein, refers to the supporting tissue or matrix of an 
35 organ, as distinguished fi-om its functional elements or parenchyma* 

An acquired immune deficiency is one which is due primarily to other than 
genetic defects. 

Methods of the invention will allow the induction of immunocompetence in 
patients suffering from an immunodeficiency, e.g., a T cell deficiency, e.g., a thymic based 
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immunodeficiency, e.g., a congenital immunodeficiency due to thymic aplasia or 
dysfunction, an acquired immune disorder, e.g., AIDS, Immunol ncompetencc resulting form 
a neoplastic disease, or immunoincompetence resulting from a medical procedure, e.g., 
chemotherapy or radiation treatment. 
5 Other features and advantages of the invention will be apparent from the 

following detailed description, and from the clauns. 

Detailgd Dgsgription 

Drawings 

1 0 The drawings are first briefly described. 

Fig. 1 A is a graph shovwng growth of fetal pig THY/LIV graft vs. time after 
transplantaton in the presence of mature mouse T cells in the periphery- 
Fig. IB is a dot plot analysis of live peripheral white blood cells of a representative 
animal 16 weeks post-transplant. Upper left quadrant 0.5%; upper right quadrant 12.1%. 
15 Fig, 2 is a graph of mouse anti-pig mixed lymphocyte reactions (MLR's) performed to 

determine whether or not mouse T cells which matured in pig thymus grafts were tolerant to 
pig antigens. 

Maturation of host T cells in a xenogeneic thymus and induction of tolerance to a xeno^ft 

20 by xgnoggngjg thymic tissue 

The following procedure was designed to promote the acceptance of a xenograft 

thymus by a host and thusly to either or both: 1, lengthen the time an implanted organ (a 

xenograft) survives in a xenogeneic host prior to rejection; and 2, provide xenogeneic thymic 

tissue in which host T cells can mature. 
25 In the case of an organ transplant, the organ can be any organ, e.g., a liver, e.g., a 

kidney, e.g., a heart. The two main strategies are elimination of natural antibodies and 

transplantation of thymic tissue to induce tolerance. 

Preparation of the recipient for either organ transplantation or thymus replacement 

includes any or all of the following steps. Preferably they are carried out in the following 
30 sequence. 

First, a preparation of horse anti-human thymocyte globulin (ATG) is 
intravenously injected into the recipient. The antibody preparation eliminates mature T cells 
and natural killer cells. If not eliminated, mature T cells might promote rejection of both the 
thymic transplant and, after sensitization, the xenograft organ. The ATG preparation also 
' 35 eliminates natural killer (NK) cells. NK cells probably have no effect on an implanted organ, 
but might act immediately to reject the newly introduced thymic tissue. Anti-human ATG 
obtained from any mammalian host can also be used, e.g., ATG produced in pigs, although 
thus far preparations of pig ATG have been of lower titer than horse-derived ATG. ATG is 
superior to anti-NK monoclonal antibodies, as the latter are generally not lytic to all host NK 
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cells, while the polyclonal mixture in ATG is capable of lysing all host NK cells. Anti-NK 
monoclonal antibodies can, however, be used. In a relatively severely immuno-compromised 
individual this step may not be necessary. As host (or donor) T cells mature in the 
xenogeneic thymus they will be tolerant of the xenogeneic thymic tissue. Alternatively, as 
5 the host immune system is progressively restored, it may be desirable to treat the host to 
induce tolerance to the xenogeneic thymic tissue. 

Optimally, the recipient can be thymectomized. In thymectomized recipients, 
recipient T cells do not have an opportunity to differentiate in the recipient thymus, but must 
differentiate in the donor thymus. In some cases it may be necessary to splenectomize the 
1 0 recipient in order to avoid anemia. 

Second, the recipient can be administered low dose radiation. Although this stq> 
is thought to be beneficial in bone marrow transplantation (by creating hematopoietic space 
for newly injected bone marrow cells), it is of less importance in thymic grafts which are not 
accompanied by b<Mie marrow transplantation. However, a sublethal dose e.g., a dose about 
1 5 equal to 1 00, or more than 1 00 and less than about 400, rads, whole body radiation, plus 700 
rads of local thymic radiation, can be used. 

Third, natural antibodies can be absorbed from the recipient's blood. (This is of 
more importance in organ grafts but can be used in thymus rq>lacement procedures as well.) 
Antibody removal can be accomplished by exposing the recipient's blood to donor or donor 
20 species antigens, e.g., by hemoperfusion of a liver of the donor species to absorb recipient- 
natural antibodies. Pre-formcd natural antibodies (nAb) are the primary agents of graft 
rejection. Natural antibodies bind to xenogeneic endothelial cells and arc primarily of the 
IgM class. These antibodies are indepaidcnt of any known previous exposure to antigens of 
the xenogeneic donor. B cells that produce these natural antibodies tend to be T cell- 
25 independent, and are normally tolerized to self antigen by exposure to these antigens during 
development The mechanism by which newly developing B cells arc tolerized is unknown. 
The liver is a more effective absorber of natural antibodies than the kidney. Again, this step 
may not be required, at least initially, in a relatively severely immuno-compromised padent. 

Donor thymic tissue, preferably fetal or neonatal thymic tissue is implanted in the 
30 recipient. Fetal or neonatal liver or spleen tissue can be included 

While any of these procedures may aid the survival of implanted thymic tissue or 
another xenogeneic organ, best results are achieved when all steps arc used in combination. 

Methods of the invention can be used to confer tolerance to allogeneic grafts, e.g., 
wherein both the graft donor and the recipient are humans, and to xenogeneic grafts, e.g., 
35 wherein the graft donor is a nonhuman animal, e.g., a swine, e.g., a miniature swine, and the 
graft recipient is a primate, e.g., a hiraian. 

The donor of the implant and the individual that supplies the tolerance-inducing 
thymic graft should be the same individual or should be as closely related as possible. For 
example, it is preferable to derive implant tissue fix>m a colony of donors that is highly or 



wo 94/26285 



20 



PCT/US94/05528 



completely inbred. The donor of the organ used for perfusion need not be closely related to 
the donor of the implant or thymic tissue. 

Xenograft Thymic Tissue Transplantation: Detailed Protocol 
5 Immunocompetent C57BL/10 (BIO) mice were used to test the ability of pig thymus 

to induce specific tolerance to discordant pig antigens. BIO mice were treated with a non- 
myeloablative conditioning regime which has previously shown to permit induction of 
tolerance to rat xeno-antigens in mice, see e.g., Sharabi et al., 1990, J. Exp. Med. 172:195- 
202. Euthymic or thymectomized (ATX) mice received depleting doses of anti-T cell and 

10 anti-NK cell mAbs, 7 Gy mediastinal irradiation and 3 Gy whole body irradiation (WBI), and 
then received fetal swine thymus/liver (THY/LIV) transplants imder the kidn^ capsule 
followed by administration of 10^ fetal liver cells (PLC) i.p. Mice either received no further 
anti-T cell and anti-NK cell mAb treatments after 0 to 6 weeks post-tx, or were maintained on 
chronic mAb treatment for the duration of the experiment 

1 5 Swine THY/LIV grafts grew initially in treated withymic mice, but stopped growing 

after T cell and natural killer (NK) cell-depleting monoclonal antibodies (mAbs) were 
discontinued, and these mice developed anti-pig IgG response. Whm euthymic mice were 
maintained on chronic mAb treatment, the grafts enlarged markedly and no anti-pig IgG 
response was observed. Pig thymospoiesis was supported for at least 32 weeks during 

20 chronic mAb administration, although no pig T cells were detected in the periphery by flow 
cytometry (FMC). Percentages of intra-graft CD4-^/CD8-, CD47CD8-^, CD4+/CD8+, and 
CD47CD8" pig thymocyte subsets were similar to those in normal pig thymus. 

In contrast, swine THY/LIV grafts grew markedly in adult thymectomized mice 
(ATX-THY/LIV) which received only a short (less than 6 weeks) course of mAb treatment 

25 post-transplant (post-tx). FCM analysis of peripheral WBC in these mice 6 weeks after 
discontinuing mAb treatment revealed the presence of mature (aP-TCR^i) mouse T cells. 
Unlike T cells in euthymic grafted mice, these cells were tolerant to pig antigens, as 
evidenced by the growth of swine THY/LIV grafts, (Fig. 1), and the absence of anti-pig IgG 
antibody responses. The majority (more than 90%) of the ap-TCR^ T cells were 

30 CD4'^/CD8", FMC analyses 13 to 26 weeks post-tx demonstrated normal mouse thymocyte 
subsets in swine thymi. For example, 7.9% CD4+/CD8-, 2.9% CD4VCD8+, 85,5% 
CD4+/CD8"'", 3.7% CD4-/CD8- and 1 1 .6% aP-TCR*^ thymocytes were found in a swine 
THY/LIV graft by FCM 17 weeks post-tx compared to 3.5% CD4'^/CD8-, 3.2% CD4-/CD8+, 
87.8% CD4-^/CD8"^, 5.5% CD4-/CD8- and 10,0% aP-TCR^i thymocytes in a normal BIO 

35 thymus. Fetal swine liver grafted without a thymus fragment did not grow in control mAb- 
treated ATX-B 1 0 mice and ap-TCR^i T cells did not appear in the periphery. Thus, the pig 
thymus was required for the development of mature mouse T cells. 

Mouse anti-pig mixed lymphocyte reactions (MLR's) were performed to determine 
whether or not mouse T cells which matured in pig thymus grafts were tolerant to pig 
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antigens, ATX-THY/LIV BIO mice mounted no anti-B 10 or anti-pig responses, but 
demonstrated normal allo-responses against a fiilly MHC-mismatched allogeneic stimulator, 
B10,BR(H-2'^)(Fig,2), 

In order to determine if host bone marrow-derived cells were participating in negative 
5 selection of the developing mouse thymocytes, fetal pig THY/LIV grafts were transplanted 
into both I-E*^ (BALB/c nude) and I-E" (ATX BIO) recipients. I-E"*- mice delete Vpl 1 T 

cells because of presentation in the thymus of an endogenous superantigen in association with 
I-e, whereas I-E" mice do not delete this T cell &mily. The percentages of Vpl I T cells were 

therefore compared between I-E"*" and I-E* recipients of fetal pig thymus grafts in which 
1 0 murine T cells developed in pig thymi, ATX B 1 0 recipients were treated as described above. 
BALB/c nude mice were depleted of NK cells and irradiated with 3 Gy WBI prior to 
transplant. These mice also developed large numbers of mature CD4^ T cells that migrated 
to the periphery. Complete deletion of Vpl 1 T cells was observed in the periphery of 

BALB/c nude recipients of fetal swine thymus grafts (Table I), indicating that mouse I-E also 
1 5 participated in negative selection of mouse T cells developing in pig thymi. Negative 
selection is most likely carried out by murine la'^dendritic cells which were detected 
predominantly in the cortico-medullary junction of swine thymus grafts by 
immunopcroxidase staining. In the ATX BIO recipients of swine THY/LIV grafts, reduction 
in the percentage of Vp 1 1 T cells was observed compared to normal BIO mice (mean 2.8% of 

20 T cells ± 0.8 S.D,, nonnal B 1 0 5,2%, p < 0.005) suggesting that the pig SLA DR class 11, 
which shares significant homology with mouse I-E class II, may participate in negative 
selection of mouse T cells developing in the pig thymus graft (Table I). 
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TABLE I: 



N 


Strain Thy/Liv Graft 


%Vp8.1/8.2 


%Vpll 


4 


Normal C57BL/10 


16.3 ±2.2 


5.2 ± 0.5 


4 


Normal BALB/c 


20.8 ± 0.3 


02 ±0.1 


4 


C57BL/10 + 


16.7 ±3.0 


2.8 ±0.8 


5 


BALB/c nude + 


20.0 ±3.7 


0.4 ±0.3 



5 Tabid, Clonal deletion in mice transplanted with swine THY/LIV grafts. BIO 

recipients were treated as described below. Normal percentages of T cells staining with Vp 
8.1/8.2 demonstrates normal positive selection in grafted mice of a VpT cell femily which is 
not deleted in I-E"^ or I-E' mice. BALB/c nude mice were depleted of NK cells using rabbit 
anti-Asialo-Gml serum, and were given 3 Gy WBI, and fetal swine THY/LIV grafts implants 
1 0 under the kidney capsule, followed by injection of 10^ FLC i.p. on Day 0. ACK-lysed 

splenocytcs or peripheral white blood cells (red blood ceils were removed by hypotonic 
shock) were collected 13 to 19 weeks post-tx and analyzed by FCM for Vpl 1 T cell deletion. 

Murine FqR's were blocked using rat anti-mouse F^R mAb, 2.4G2, and then cells were 
stained with either fluoresceinated hamster anti-mouse Vp8,l/8.2 TCR (Pharmingcn) or rat 

15 anti-mouse Vpl 1 TCR (Pharmingen) (green fluorescence) followed by phycoerythrin- 
conjugated rat anti-mouse CD4 and CDS mAbs (Pharmingen) (orange fluorescence) and 
analyzed by two color FCM as described below. Fluoresceinated murine mAb HOPCI, with 
no known reactivity to mouse cells, or rat anti-mouse IgGl (Zymed Laboratories, Inc.) was 
used as the negative control mAb in the green fluorescence. Phycoerythrin-coiyugated mAb 

20 Leu-4 (Becton-Dickinson), was used as the negative control mAb in the orange fluorescence. 
Approximately 5,000 gated CD4**" and CD8*^ cells were usually collected for analysis of Vp 

families. Non-viable cells were excluded using the vital nucleic acid stain, propidium iodide. 
Percentages of positive cells were determined as described below. Results are presented as 
the mean ± SD of results obtained for individual mice, p value < 0,005 for % Vpl 1 in 
25 normal BIO mice compared to THY/LIV-grafted BIO mice, p value is > 0,20 for %Vpl 1 in 
normal BALB/c mice compared to THY/LIV-grafted BALB/c nude mice. 
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These studies dcmonstmte that discordant xenogeneic thymic stroma is capable of 
supportmg mouse diymopoiesis and that CD4-^/CD8-/aP-TCRhi T cells which are released 
into the penphery are phenotypically normal, functional and tolei^t to donor xeno-antigens 
and to host antigens. The lack ofCD4-/CD8-/ap-TCRhi„popuJation in the periphery may' 
5 b« due to failure ofmouseCDS to interact with pig MHC class I molecules, as has Jn 
d«^ons^ated for mouse anti-human responses, thereby preventing positive selecUon of 
CDS thymocytes by swine thymic epiAelium. Since human CD8+ T cells are able to 
interact with pig MHC class I directly, human CD8+ T cells should mature effectively in 
swine fetal thymus grafts. 

swine -^'I^T'^'T^"" " "'"^ " ™- «-ive 

^ne THY/LIV grafts because mouse T cell progenitor, mature in the host thymus, which 

lacks the p.g cells necessary to tolerize developing mouse thymocytes. Tlie non- 
myeloablative conditioning regime used in this study penmts engraftment of rat manow and 
mductron of donor-specific tolerance in murine recipients. Tolerance is thought to be 
induced in this model by rat dendritic cells detected at the cortico-medullary junction of the 
thymus of chmieric animals. In the present study, feilure of pig hematopoietic stem cells 
present m the FLC suspension administered on Day 0, to migrate to the mouse thymus mly 
be due to failure of homing and differentiation, possibly reflecting species specificity of 
cytokmes and adhesion molecules. In ATX recipients, on the other hand, mouse T cell 
progenuorshometothepigthymusgraftandaretolerizedpigantigens. NomouseTCis 
present m ATX hosts, but mouse dendritic cells are detectable in THY/LIV grafts and 

ZttlT"**'" '^'^ ""^"^^^ "^ve to host antigen Although the 

decreased pereentage of Vpl I T cells in ATX BIO recipients of swine TH^^IV^' 

25 LTS of ^t'v 1" ?' ^ ^ - ^-'^ the positive 

selection of this Vp family on swine thymic strema. However, the normal pere<^es of Vq 

8.1/8.2 T cells in both ATX BIO and BALB/c nude recipients of swine THY/LIV gmfis 
compared to those in normal BIO and BALB/c mice suggests that no defect in positive 

cdier clonally deletes or anergizes developing mouse thymocytes reactive to donor xeno- 

antigens. 

Survival ofswine THY/LIV grafts in euthymic and thymectomized BIO mice 

AlX C57BiyiO (BIO) mice received i.p. injections of mAbs GK1.5 (anti-mouse CD4) 2 43 
(^t.-mouse CD8) 30-H,2 (anti-mouse TTiy,.2) and PKI36 (anti-mouse NKl .1, in depleting 
7^«^'-^-n«-f-Sharabietal.,ondays-6and-lpriortotran^^^^ Oneitherday 
-1 or day 0, 7 Gy localized thymic inadiation and 3 Gy whole body irradiation were 
admimstered to recipients, and second trimester (gestational day 36-72) fetal thymic and liver 
fragments, approximately lmm3 in size, were transplanted under the kidney capsule via a 
midlme laparotomy incision. (Thymic irradiation was not found to be necessaiy for mouse T 
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cells to mature in pig thymus grafts in subsequent experiments, and was therefore eliminated 
from the conditioning regimen.) After the abdomen was closed in two layers, 10^ fetal liver 
cells (FLC) in suspension were mjected i.p. Recipients were treated on a weekly basis post- 
tx with depleting doses of the same four mAbs for a period of 0-6 weeks. No difference in 
5 murine CD4'^ T cell reconstitution or tolerance to pig antigens was observed in mice which 
were treated with no mAb post-tx compared to those which received 6 weeks mAb treatment 
post-tx. Some groups of control mice were maintained on chronic mAb treatment imtil the 
time of sacrifice. 

As described above, an increase in fetal pig THY/LIV graft size was observed upon 

10 exploratory laparotomy performed at 5 and 19 weeks post-tx, despite the presence of mature 
CD4'*'/apTCRhi T cells in the peripheral blood (shown 16 weeks after mAbs were 
discontinued). Growth of fetal pig THY/LIV graft in the presence of mature mouse T cells in 
the periphery was studied as follows. Peripheral WBC contamed 12.1% CD4"^/aP-TRCl^ j 
cells and 0.5% CD8''"/ap-TRC+ T cells. Control ATX mice which received fetal swine liver 

1 5 grafts without a thymus fragment did not maintain their grafts, and developed less than 5% a 
p-TRC"^ T cells in the periphery. ATX mice were conditioned as described above. 
Exploratory laparotomies were pcrfonned at 5-6 and 15-19 weeks post-transplant to measure 
graft size. Mice were tail bled at regular intervals post-tx to obtain peripheral WBC which 
were prepared by hypotonic shock to remove red blood cells. Cells were stained with a 

20 fluoresceinated rat and-mouse CD4 mAb (Pharmigen) (green fluorescence) versus 

biotinylated hamster anti-mouse aPTRC mAb (Pharmigen) plus phycoerythrin streptavidin 
(orange fluorescence) and analyzed by two-color flow cjrtometry (FCM) using either a 
FACScan or FACSort flow cytometer (Becton-Dickinson). Murine mAb HOPCl , with no 
known reactivity to pig or mouse cells, was used as the negative control mAh in both the 

25 green and orange fluorescence. Percentages of positive cells were determined by subtracting 
the percentage of cells staining with the control mAb HOPCl from the percentage of cells 
staining with the anti-mouse mAbs. A dot plot analysis of live peripheral white blood cells of 
a representative animal 16 weeks post-tx (16 weeks after mAbs were discontinued) is shown 
in Fig. 2. Overall, 57% (27/47) of ATX mice treated with this protocol maintained swine 

30 grafts and reconstituted their CD4'^ T cell compartment. In recent experiments this result 
was achieved in 90% (9/10) of mice treated with this regimen* 

As described above, ATX-THY/LIV BIO (H-2b) mice demonstrated specific 
unresponsiveness to pig antigens while maintaining normal allo-responsiveness to a ftiUy 
MHC-mismatched B 1 O.BR (11-2^ stimulator. Specific unresponsiveness of B 1 0 mice 

35 transplanted with fetal pig THY/LIV grafts to pig antigens in mixed lymphocyte reaction 
(MLR) was determined as follows. Control ATX-Bl 0 mice which received a swine liver 
graft without a thymus fragment (ATX-LIV) mounted no responses to any stimulator, 
demonstrating the importance of the pig thymus graft in the development of functional mouse 
T cells. Positive control anti-pig MLR was from a mouse inununized with a swine skin graft. 
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7^,^ T" """^ *'«-=^' «^<- Son. 
nonml B O (ngh> d,.go„al tar), normal BIO gnJtcd ™U, GO (SLA-Ic/SLA-n^, pi, ski„ ,2 

BIO nuoe co„d,„««, «u. the non-myel^rt-tative «gim„ described above a^ ,nmplan«d 
f«a- P.8 hve, graft „,Jy (ATX-uv left dia^„a. b»r) «ere ACK-lysed, JZ a»d 

.^lacemen^ Sigma). 4% nua,^ (L-gl«amine. .xmessenaal .mi,» «»ds sodium 

.0 pZ^b '"•"^^'"^"^ 'O-^M^-me. SWpt^L 

volumeof0.2mlofmediaat37^fcr4da„.i„wrn- ^ •"•^(Juyjinalolal 
3„„„,k.,^..^ . , ^"""^"'^-'•C02 Cultures were pulsed with I uCi 

clL^'^-^^"*°''°^'^'"''''Tom,ec.u.™,.«^ba.^^' 
«>«n'»lo„.Phan.,ae.aLKBIi,uldsci„tfllatior,c»u«er. MLR^s for ,1. mice ,.«ed (N.3) 

.^rrer^'^''^'"'^-"''^'--^-'-'"-'"--^-"'^^ 

tolerized .0^' ''""^ ^ '^'^ « P"™"-"" '» in a mo»=e thymus, they are not 

20 !T'^'''7''='^-^*>™«°°')'«Mcat«l.) IfmouseTcdlsamcontimrlly 

*^etedbymAMwm..hymop„iesisoceur,inthes»i„ethymus/llvergraft. Ifamleis 
IC^n. * """^'^ --"^ "•"■T »U mAbs. mouse^ymopoiesr 
«=cursmUKp,gdwnus,andlhesecellsan!,ol«rizedlopiganlige„s. 
T ly l h whirh mimm, i. ■ v-~v i ri r h^... — imrnn iii l 

25 only) skin ^ ft'^f ""^ to BIO) and C3H.SW (minor ,ntig«, mi»na«=h 

o^y) sfcm gnrts (I mo„«) „e« n^ected by mouse T cells which had matured ta 
2™=^«-demons.r,.i.g««,iuu„„^^^^^^^^J^ 

T'T"^"^ l^SmftswercftllthiCmesstaill^rL 
4eupperth««««,.skmbridgesepamtinga«„. These r«ults show that swi„!Z 

30 ensunngimmunocompetence in thymectomized recipients. "=ncewhrle 
Alleinafivi- Ptmmiriv- P|^,„|^ 

AS is stated above, the depletion of NK cells, whole body irradiation, and thymic 

on fte 1 t <^ <Ufe depending 

h^CD^T'" '•''■•."'^■=-»f"-™--P'"«-dapigdonor.beLe 
human CDS wrll lUcely mterac. wtth pig class I molecules, it may also be necessar, ,0 
admimsteranti-CD8 antibodies.) necessary 10 
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As is shovsoi by the data in Table II below, graft growth and host T cell development 
(as measured by the presence of peripheral T cells 9 and 10 weeks post THY/LI V transplant) 
was seen in ATX mice treated with anti-CD4 antibodies and whole body irradiation. BIO 
mice received 3 Gy whole body irradiation and fetal pig THY/LI V graft and 10^ fetal liver 
5 cells in experiments essentially similar to those described in the previous section except that 
anti-CD4, anti-THYl .2, and anti NK cell antibodies were not administered. 



Table II: THY/LIV graft growth and T cell maturation does not require extensive antibody 
treatment. 

10 



Animal 


TREATMENT 


GRAFT 


% CD4+/%CD8+ T 










CELLS (WBC) 


639/40 


NO AT?C/aCD4/8/ 




17.7/4.6 




THY1.2/NK1.1 








643/44 




tf 




9.4/2.6 










601/02 


ATX + /a 




+ /++ 


11.1/0.8 




CD4/8/rHY1.2/NKl.l 






603/04 


It 


tf 


+ / + 


1.7/1.2 


605/06 


It 


It 


-/- 


0.6/0.3 


607/08 


If r» 


++/++ 


0.9/0.6 


609/1 0 


II 


It 


++/ + 


1.8/0.5 


611/12 


ft 


It 


++/++ 


3.4/1.6 










615/16 


ATX + aCD4/8 


+ /++ 


8.9/0.7 


617/18 


It 


If 


+ /- 


2.1/0.3 


619/20 


It 


It 


++/++, 


20.2/1.5 


621/22 


It 


II 


+ /- 


1.1/0.1 


623/24 


It 


It 


-H-/-H- 


6.8/0.3 










625/26 


ATX + aCD4 


-H-/- 


7.2/4.0 


627/28 


If If 


-/ + 


1.0/5.1 


629/30 


ti 


II 


++/++ 


10.1/3.7 


631/32 


It 


n 


++/ + 


3.7/3.5 


633/34 


ti 


II 


-/- 


0.4/3.7 


635/36 


11 


II 


++/-H- 


28.0/4.2 
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ATX = thymectomy; ^ = large, bulky graft with vascularization; . = moderate sized 

-poor graft (thm, poor tissue); aCD4/8/raY1.2mKl 1 indicates the 

described antibody. indicates the admmistration of the 



10 



As is shown by the data in Table III below, graft growth was seen ;„ atv • 
i^o, 1 n r I .z, and NKl . 1 monoclonal antibodies. 



mice 



Table III: THY/LIV graft growth does 
TREATMENT 



not require host irradiation. 




As is shown by die data in Table IV below h^.^T ua , 
given „„ ,n^„„ ^ ^ ^ ^^^^ anUboIT "™ "™ ^™ ""^ 
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Table IV: Rapid T cell recovery in THY/LI V graft recipients with thymectomy and 
anti CD4 antibodies alone. 



Number 
of animals 
in group# 


TREATMENT 


Mean % (SD) peripheral 
blood T cells at 7 weeks 
post transnplant 
CD4+ CD8+ 


3 


NO ATX 

aCD4/8/THY1.2/NKl.l 
+3 Gy WBI 


12.9(1.7) 2.7(0.1) 


8 


ATX 

aCD4/8yTHY1.2/NKl.l 
+3 Gy WBI 


3.4 (2.4) 0.7 (0.5) 


7 


ATX 
aCD4/ 


19.5(3.4) 7.1(1.8) 



5 



Xgnoggngjg Thymig Tisg»g and Stem Cell Transplantation 

The following procedure introduces donor thymic tissue and donor stem cells into 
the recipient and thus can be used to restore or induce immime function or to lengthen the 
10 time an implanted organ (a xenograft) survives in a xaiogeneic host prior to rejection. 

In the case of an organ graft, the organ can be any organ, e.g., a liver, e.g., a 
kidney, e.g., a heart. The two main strategies are elimination of natural antibodies by organ 
perftision, and transplantation of tolerance-inducing bone marrow. 

Preparation of the recipient includes any or all of the following steps. Preferably 
1 5 they are carried out in the following sequence. 

Elimination of NK and T cells. First, a preparation of horse anti-human 
thymocyte globulin (ATG) is intravenously injected into the recipient. The antibody 
preparation eliminates mature T cells and natural killer cells. If not eliminated, mature T 
cells would promote rejection of both the bone marrow transplant and, after sensitization, the 
20 xenograft itself. Of equal importance, the ATG preparation also eliminates natural killer 
(NK) cells. NK cells probably have no effect on the implanted organ, but would act 
immediately to reject the newly introduced bone marrow. Anti-human ATG obtained from 
any mammalian host can also be used, e.g., ATG produced in pigs, although thus far 
preparations of pig ATG have been of lower titer than horse-derived ATG. ATG is superior 
25 to anti-NK monoclonal antibodies, as the latter are generally not lytic to all host NK cells, 
while the polyclonal mixture in ATG is capable of lysing all host NK cells. Anti-NK 
monoclonal antibodies can, however, be used. 
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Thymic tissue transplant In cases >vhen. the p„Kedu« is to n^ston. or induce 
« competence donor thymic tissue (p.fe^,y fetal or neonatal thymic ti^^r 

10 thr T T ^^**°'^'°^^^-'«^'P'™»T cell antibodies may be neces^ 
tolerance . '"y* ''•S- approach is not successfiil. and 

T^ir^rr'" 

"**^uiiuwjnipeceiicc can be measured bv the ahilifv to *v.:^ 
avoid ..Jl'^'^'"°^"***'''»^"=^'^-Pl™ 

vroomen^ such as h»,a,opo.«,c gro^v* facors. adhesion molecule, and d,ei, ligands. 
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Each organ includes an organ specific stromal matrix that can support 
differentiation of the respective undifferentiated stem cells implanted into the host. Although 
adult thymus may be used, fetal tissue obtained sufficiently early in gestation is preferred 
because it is free from mature T lymphocytes which can cause GVHD. Fetal tissues also tend 
5 to survive better than adult tissues when transplanted. As an added precaution against 
GVHD, thymic stromal tissue can be irradiated prior to transplantation, e.g., irradiated at 
1000 rads. As an alternative or an adjunct to implantation, fetal liver cells can be 
administered in fluid suspension. 

Finally, bone marrow cells (BMC), or another source of hematopoietic stem cells, 

1 0 e.g., a fetal liver suspension, or cord blood stem cells, of the donor are injected into the 

recipient. Donor stem cells home to appropriate sites of the recipient and grow contiguously 
with remaining host cells and proliferate, forming a chimeric lymphohematopoietic 
; population. By this process, newly forming B cells (and the antibodies they produce) are 
exposed to donor antigens, so that the transplant will be recognized as self. Tolerance to the 

1 5 donor is also observed at the T cell level in animals in which hematopoietic stem cell, e.g., 
BMC, engraftment has been achieved. When an organ graft is placed in sudi a recipient 
several months after bone marrow chimerism has been induced, natuial antibody against the 
donor will have disappeared, and the graft should be accepted by both the humoral and the 
cellular arms of the immune system. This approach has the added advantage of permitting 

20 organ transplantation to be performed sufficiently long following transplant of h«natopoietic 
cells, e.g., BMT, e.g., a fetal liver suspension, that normal health and immunocompetence 
will have been restored at the time of organ transplantation. The use of xenogeneic donors 
allows the possibility of using bone marrow cells and organs fr^om the same animal, or from 
genetically matched animals. As liver is the major site of hematopoiesis in the fetus, fetal 

25 liver can also serve as an alternative to bone marrow as a source of hanatopoietic stem cells. 

While any of these procedures may aid the survival of an implanted organ, best 
results are achieved when all steps are used in combination. Methods of the invention can be 
used to confer tolerance to allogeneic grafts, e.g., wherein both the graft donor and the 
recipient are humans, and to xenogeneic grafts, e.g., wherein the graft donor is a nonhuman 

30 animal, e.g., a swine, e.g., a miniature swine, and the graft recipient is a primate, e.g., a 
human. 

In the case of xenogeneic grafts, the donor of the implant and the individual that 
supplies either the tolerance-inducing hematopoietic cells or the liver to be perfused should 
be the same individual or should be as closely related as possible. For example, it is 
35 preferable to derive implant tissue from a colony of donors that is highly or completely 
inbred. 
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from the cannulas and the recipient's large blood vessels are repaired. The liver, having 
served its function of absorbing harmful natural antibodies from the recipient monkey, is 
discarded. Additional blood samples for serum are drawn from the recipient at 2, 24, and 48 
hours. When this procedure was performed on two sequential perfusions of swine livers, the 
5 second liver showed no evidence of mild ischemic changes during perfusion. At the end of a 
30 minute perfusion the second liver looked grossly normal and appeared to be functioning, 
as evidenced by a darkening of the venous outflow blood compared to the arterial inflow 
blood in the two adjacent cannulas. Tissue sections from the livers were normal, but 
immunofluorescent stains showed IgM on endothelial cells. Serum samples showed a 

1 0 decrease in natural antibodies. 

To promote long-term survival of the implanted organ through T-cell and B-cell 
mediated tolerance, donor bone marrow cells are administered to the recipient to form 
chimeric bone marrow. The presence of donor antigens in the bone marrow allows newly 
developing B cells, and newly sensitized T cells, to recognize antigens of the donor as self, 

1 5 and thereby induces tolerance for the implanted organ from the donor. To stabilize the donor 
BMC, donor stromal tissue, in the form of tissue slices of fetal liver, thymus, and/or fetal 
spleen are transplanted under the kidney capsule of the recipient Stromal tissue is preferably 
implanted simultaneously with, or prior to, administration of hematopoietic stem cells, e.g*, 
BMC, or a fetal liver cell suspension. 

20 To follow chimerism, two color flow cytometry can be used. This assay uses 

monoclonal antibodies to distinguish between donor class I major histocompatibility antigens 
and leukocyte common antigens versus recipient class I major histocompatibility antigens. 
BMC can in turn be injected either simultaneously with, or preceding, organ 

o 

transplant. Bone marrow is harvested and injected intravenously (7.5 x 10 /kg) as previously 
25 described (Pennington et al., 1988, Transplantation 4^:21-26). Should natural antibodies be 
found to recur before tolerance is induced, and should these antibodies cause damage to the 
graft, the protocol can be modified to permit sufficient time following BMT for humoral 
tolerance to be established prior to organ grafting. 

The approaches described above are designed to synergistically prevent the 
30 problem of transplant rejection. When a kidney is implanted into a cynomolgus monkey 

following liver absorption of natural antibodies, without use of bone marrow transplantation 
to induce tolerance, renal functions continued for 1-2 days before rejection of the kidney. 
When four steps of the procedure were performed (absorption of natural antibodies by liver 
perfusion, administration of ATG, sublethal irradiation and bone marrow infusion, followed 
35 by implant of a porcine kidney into a primate recipient), the kidney survived 7 days before 
rejection. Despite rejection of the transplanted organ, the recipient remained healthy. 

When swine fetal liver and thymic stromal tissue were implanted under the kidney 
capsule of two sublethally irradiated SCID mice, 25-50% of peripheral blood leukocytes were 
of donor lineage two weeks post-transplantation. A significant degree of chimerism was not 
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detected in a third animal receiving fetal liver without thymus. These procedures did not 
employ any chemical immunosuppressants. 

Other Embodiments 
5 Other embodiments are within the following claims. 

For example, implanted grafts may consist of organs sudi as liver, kidney, heart; 
body parts such as bone or skeletal matrix; tissue such as skin, intestines, endocrine glands; 
or progenitor stem cells of various types. 

The methods of the invention may be employed with other mammalian recipients 
10 (e.g., liiesus monkeys, humans) and may use other mammalian donors (e.g., primates, swine, 
sheep, dogs). 

The methods of the invention may be employed in combination, as described, or 

in part. 

The method of introducing bone marrow cells may be altered, particulariy by (1) 
1 5 increasing the time interval between injecting hematopoietic stem cells and implanting the 
graft; (2) increasing or decreasing the amount of hematopoietic stem cells injected; (3) 
varying the number of hematopoietic stem cell injections; (4) varying the method of delivery 
of hematopoietic stem cells; (5) varying the tissue source of hematopoietic stem cells, e,g., a 
fetal liver cell suspension may be used; or (6) varying the donor source of hematopoietic stem 
20 cells. Although hematopoietic stem cells derived from the graft donor are preferable, 
hematopoietic stem cells may be obtained from other individuals or species, or fix>m 
genetically-engineered conq^letely or partially inbred donor strains, or from in vitro cell 
culture. 

Methods of preparing the recipient for transplant of hematopoietic stem cells may 
25 be varied. For instance, the recipient may undergo a splenectomy or a thymectomy. The 

latter would preferably by administered prior to the non-mycloablative regimen, e.g., at day - 
14. 

Hemoperfusion of natural antibodies may: (1) make use of other vascular organs, 
e.g., liver, kidney, intestines; (2) make use of multiple sequential organs; (3) make use of 

30 varying the length of time each organ is perfused; (4) make use of varying the donor of the 
perfused organ. Irradiation of the recipient may make use of: (l)ofvaiying the absorbed 
dose of whole body radiation below the sublethal range; (2) of targeting different body parts 
(e.g., thymus, spleen); (3) varying the rate of irradiation (e.g., 10 rads/min, 15 rads/min); or 
(4) varying the time interval between irradiation and transplant of hematopoietic stem cells; 

35 any time interval between 1 and 14 days can be used, and certain advantages may flow from 
use of a time interval of 4-7 days. Antibodies introduced prior to hematopoietic cell 
transplant may be varied by: (1) using monoclonal antibodies to T cell subsets or NK cells 
(e.g., anti-NKHl A, as described by United States Patent No. 4,772,552 to Hercend, et al., 
hereby incorporated by reference); (2) preparing anti-human ATG in other mammalian hosts 
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(e.g., monkey, pig, rabbit, dog); or (3) using anti-monkey ATG prepared in any of the above 
mentioned hosts. 

As an alternative or adjunct to hemopcrfiision, host antibodies can be depleted by 
administration of an excess of hematopoietic cells. 
5 Stromal tissue introduced prior to hematopoietic cell transplant, e.g., BMT, may 

be varied by: (1) administering the fetal liver and thymus tissue as a fluid cell suspension; 
(2) administering fetal liver or thymus stromal tissue but not both; (3) placing a stromal 
implant into other encapsulated, well-vascularized sites; or (4) using adult thymus or fetal 
spleen as a source of stromal tissue. 

10 As is discussed herein, it is often desirable to expose a graft recipient to irradiation in 

order to promote the development of mixed chimerism. The inventor has discovered that it is 
possible to induce mixed chimerism with less radiation toxicity by fractionating the radiation 
dose, i.e., by delivering the radiation in two or more exposures or sessions. Accordingly, in 
any method of the invention calling for the irradiation of a recipient, e.g., a primate, e.g., a 

15 human, recipient, of a xenograft or allograft, the radiation can either be delivered in a single 
exposure, or more preferably, can be fractionated into two or more exposures or sessions. 
The sum of the fractionated dosages is preferably equal, e.g., in rads or Gy, to the radiation 
dosage which can result in mixed chimerism when given in a single exposure. The fractions 
are preferably approximately equal in dosage. For example, a single dose of 700 rads can be 

20 replaced with, e.g., two fractions of 350 rads, or seven fractions of 100 rads. 

Hyperfractionation of the radiation dose can also be used in methods of the invention. The 
fractions can be delivered on the same day, or can be separated by intervals of one, two, 
three, four, five, or more days. Whole body irradiation, thymic irradiation, or both, can be 
fractionated. 

25 Methods of the invention can include recipient splenectomy. 

As is discussed herein, hemoperfiision, e.g., hemoperfusion with a donor organ, can 
be used to deplete the host of natural antibodies. Other methods for depleting or otherwise 
inactivating natural antibodies can be used with any of the methods described herein. For 
example, drugs which deplete or inactivate natural antibodies, e.g., deoxyspergualin (DSG) 

30 (Bristol), or anti-IgM antibodies, can be administered to the recipient of an allograft or a 

xenograft. One or more of, DSG (or similar drugs), anti-IgM antibodies, and hemoperfiision, 
can be used to deplete or otherwise inactivate recipient natural antibodies in methods of the 
invention. DSG at a concentration of 6 mg/kg/day, i.v., has been found usefid in suppressing 
natural antibody fiinction in pig to cynomolgus kidney transplants. 

35 Some of the methods described herein use irradiation to create hematopoietic space, 

and thereby prepare a recipient for the administration of allogeneic, xenogeneic, syngeneic, or 
genetically engineered autologous, stem cells. In any of the methods described herein, 
particularly primate or clinical methods, it is preferable to create hematopoietic space for the 
administration of such cells by non-lethal means, e.g., by administering sub-lethal doses of 
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iiradiation, bone maitow depleting drugs, or antibodies. The use of sublethal leveb of bone 
marrow depletion allo>vs the generation of mixed chimerism in the recipient Mixed 
chimensm is generally preferable to total or lethal ablation of the recipient bone marrow 
followed by complete leconstitution of the recipient wid, administered stem cells. 

Xenogeneic thymic tissue is easier to obtain and in general is less likely to harbor 
human paAogens. Thus, xenogeneic thymic tissue is preferred in methods for restoring or 
inducmg .mmunocompetence. Allogeneic thymic tissue can however be used in these 
methods. 



15 



Some of the methods described herein include the administration of thymic 
•nad.auon, e.g.. to inactivate host thymic-T cells or to oUierwise diminish the hosfs thymic-T 
eel mediated responses to donor antigens. It has been discovered that the thymic irradiation 
called for m allogeneic or xenogeneic methods of die invention can be supplemented widi, or 
replaced by, oAer treatments which diminish (e.g.. by depleting thymic-T cells and/or down 
modulatmg one or more of die T cell receptor (TCR), CD4 co-receptor, or CD8 co-receptor) 
tiie hosfs thymus function, e.g., die hosfs diymic-T cell mediated response. For example 
Aymic irradiation can be supplemented with, or replaced by, anti-T cell antibodies (e.g., ^ti- 

and/or ant.-CD8 monoclonal antibodies) administered a sufficient number of times, in 
sufficient dosage, for a sufficiem period of time, to diminish the hosfs thymic-T cell 
20 mediated response. 

For best results. anti-T cell antibodies should be administered repeatedly Eg anti-T 
cell antibodies can be administered one. t^, three, or more times prior to donor thymus or 
bone marrow tra«g,lantation. Typically, a pre-thymus or bone manow transplantation dose 
ofanubod.es will be given to die patient about 5 days prior to thymus or bone mai«>w 
transplantation. Additional, eariier doses 6, 7. or 8 days prior to thymus or bone mam,w 
transplantation can also be given. It may be desirable to administer a first treatinent then to 
repeat pre-thymus or bone marrow administiations every N5 days until die patient shows 
excess antibodies in die serum and about 99% depletion of peripheral T cells and dien to 
perform die bone marrow transplantation. Anti-T cell antibodies can also be administered 
one, two. three, or more times after diymus or donor bone marrow transplantation. Typically 
a post-tiiymus or bone marrow transplant treatment will be given about 2-14 days after bone ' 
marrow transplantation. TTie post diymus or bone marrow administration can be repeated as 
many umes as needed If more than one administiation is given die administrations can be 
spaced about 1 week apart Additional doses can be given if die patient appears to undergo 
early or unwanted T cell recovery. Preferably, anti-T cell antibodies are administered at least 
once (and preferably two. tiiree, or more times) prior to donor diymus or bone marrow 
transplantation and at least once (and preferably two. diree, or more times) after donor 
thymus or bone marrow transplantation. 



25 
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It has also been discovered that much or all of the preparative regimen, if called for, 
can be delivered or administered to a recipient, e.g., an allograft or xenograft recipient, within 
a few days, preferably within 72, 48, or 24 hours, of transplantation of tolerizing stem cells 
and/or the graft. This is particularly useful in the case of humans receiving grafts from 
5 cadavers. Accordingly, in any of the methods of the invention calling for the administration 
of treatments prior to the transplant of stem cells and/or a graft, e.g., treatments to inactivate 
or deplete host antibodies, treatments to inactivate host T ceils or NK cells, or irradiation, the 
treatment(s) can be administered, within a few days, preferably within 72, 48, or 24 hours, of 
transplantation of the stem cells and/or the graft. In particular, primate, e.g., human, 

1 0 recipients of allografts can be given any or all of treatments to inactivate or deplete host 

antibodies, treatments to inactivate host T cells or NK cells, or irradiation, within a few days, 
preferably within 72, 48, or 24 hours, of transplantation of stem cells and/or the graft. For 
example, treatment to deplete recipient T cells and/or NK cells, e.g., administration of ATG, 
can be given on day -2, -1, and 0, and WBI, thymic irradiation, and stem cell, e.g., bone 

1 5 marrow stem cells, administered on day 0. (The graft, e.g., a renal allograft, is transplanted 
on day 0). 

As described in PCT/US94/01616, hereby incorporated by reference, it has 
been discovered that there is a permissible time period ("window") for hematopoietic stem 
cell engraftment following the creation of space (e.g., by whole body irradiation) for the 

20 donor hematopoietic stem cells in a recipient. It has fiirther been discovered that space 
created for hematopoietic stem cell engraftment can be monitored over time by monitoring 
peripheral white blood cell levels in a recipient. The myelosuppressive treatment sufficient to 
create hematopoietic space generally results in a reduction in wliite blood cell (WBC) levels 
(as revealed, e.g., by WBC counts) and the WBC reduction serves as a marker for the 

25 presence of hematopoietic space. The marker is a conservative one since WBC counts may 
recover at a time when space is still present in an animal. 

Accordingly, in any method which involves hematopoietic stem cell 
transplantation, and thus also requires the creation of hematopoietic space in a recipient, 
transplantation can be performed during the pemiissible window for engraftment following 

30 creation of space for the hematopoietic stem cells. Likewise, in any method in which space is 
created for exogenously administered hematopoietic stem cells, white blood cell levels can be 
followed to monitor space for the donor hematopoietic stem cells (i.e., to assess the 
permissible window for engraftment). Examples of procedures involving hematopoietic stem 
cell transplantation include: 1) conditioning of a recipient for an alio- or xenograft in which 

35 hematopoietic stem cell transplantation is performed in conjunction with transplantation of 
another alio- or xenograft; 2) treatment of various hematopoietic disorders, including 
leukemias, lymphomas and other hematopoietic malignancies and genetic hematopoietic 
disorders (e.g., adenosine deaminase deficiency, bare lymphocyte syndrome and other 
congenital immunodeficiency diseases) in which hematopoietic stem cell transplantation is 
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perfomcd therapeutically; and 3) transplantation of genetically modified hematopoietic stem 
cells (e.g., genetically modified autologous hematopoietic stem cells) to deliver a gene 
product to a recipient (e.g., as gene therapy). 



5 myelosuppressi ve or hematopoietic-space inducing treatment is sufficient to create 

hematopoietic space. The method includes administering a myelosuppressive treatment to a 
recipient, and detennining the level of white blood cells in the recipient, e.g,, by determining 
the WBC count of the recipient, a depression in the level of white blood cells being indicative 
of the presence or induction of hematopoietic space. 

10 As is discussed in PCT/US94/01616, hereby incorporated by reference, and 

elsewhere herein, the engraftment of exogenously stq^plied hematopoietic stem cells can be 
promoted by treating the recipient of the cells so as to induce hematopoietic space in the 
recipient. Hematopoietic space is commonly induced by radiation, but other procedures can 
replace or reduce the need for WBI. For example, space can be created by treating the 

1 5 recipient with a monoclonal antibody against MHC class I antigens expressed by the recipient 
(see e.g., Voralia, M. et al, (1987) Transplantation 44:487) or space can be created by treating 
the recipient with myelosuppressive drugs (see e.g., Lapidot, T. et al. (1990) Proc. Natl. 



20 hematopoeitic stem cells, into the thymus of a recipient, can modify the immune re^nse of 
the recipient Thus, embodiments of the invention include methods of promoting the 
acceptance a graft (e.g., by prolonging the acceptance the graft) by a recipient, by introducing 
into the recipient, donor antigen. The graft can be an allograft, e.g., a graft fiom a primate 
e.g., a human, vsiiich is introduced into a primate of the same species. The graft can be a 

25 concordant or discordant xenograft. E.g., the graft can be a miniature swine graft introduced 
into a second species, e.g., a primate, e.g., a human. 



Accordingly, methods of the invention include a method of determining if a 




i£i-II5AS2:4595). 

It has also been found that the dire<^ introduction of donor antigen, e.g., donor 



What is claimed is: 
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dams. 

1 . A method restoring or promoting the thymus-dependcnt ability for T cell 
progenitors to develop into mature functional T cells in a primate recipient which is capable 

5 of producing T cell progenitors but which is thymus-function deficient comprising 
thymectomizing said recipient if said recipient has a functional thymus, 
inactivating CD4"^ cells of said recipient, and 

introducing into said primate recipient, xenogeneic fetal or neonatal thymus so 
that recipient T cells can mature in said implanted xenogeneic thymus tissue. 

10 

2. The method of claim 1, wherein fetal liver tissue is implanted in said recipient. 

3. The method of claim 1, wherein said primate is a human and said donor is a 

swine. 

4. A method of inducing tolerance in a recipient primate of a first species to a 
graft obtained from a mammal of a second, discordant species, said method comprising 

prior to or simultaneous with transplantation of said graft, introducing into said 
recipient thymic tissue of said second species, 

inactivating CD4^ cells of said recipient, and 
implanting said graft in said recipient. 

5. The method of claim 4, wherein the same mammal of the second species is the 
donor of both the graft and the thymic tissue. 

25 

6. The method of claim 4, wherein said primate is a human. 

7. The method of claim 4, wherein said donor mammal is a miniature swine. 

30 8. The method of claim 4, further comprising the step of prior to thymic tissue 

transplantation, irradiating the recipient with low dose whole body irradiation. 

9. The method of claim 8, wherein said low dose irradiation is at least 1 00 rads 
and less than 400 rads. 

35 

10. The method of claim 4, further comprising the step prior to thymic tissue 
transplantation, irradiating the recipient mammal with thymic irradiation. 
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1 1 . The method of claim 1 0, further comprising the step of prior to thymic tissue 
transplantation, irradiating the recipient with thymic irradiation. 

1 2. The method of claim 1 1, wherein said thymic irradiation is 700 rads, 

5 

13. The method of claim 4, further comprising the step prior to thymic tissue 
transplantation, absorbing natural antibodies from the blood of said recipient 

1 4. A method of restoring or inducing immunocompetence in a primate recipient 
10 at risk for an acquired immune disorder, comprising introducing into the primate recipient, 

xenogeneic donor thymic tissue, so that recipient T cells can mature in said implanted doaor 
thymic tissue. 

1 5. The method of claim 14, wherein said primate is a human and said donor is a 
1 S miniature swine. 

16. The method of claim 1 5, wherein said disorder is AIDS. 

1 7. A method of restoring or inducing immunocompetence in a primate recipient 
20 at risk for an acquired immune disorder, comprising introducing into said primate recipient, 

xenogeneic donor hematopoietic stem ceUs, so that said donor T cells can mature in tfie 
recipient thymus. 

1 8. The method of claim 17^ wherein said primate is a human and said donor is a 
25 miniature swine. 

1 9. The method of claim i 9, wherein said disordo* is AIDS. 

20. A method of restoring or inducing immunocompetence in a primate recipient 
30 at risk for an acquired inunune disorder, comprising introducing into said primate recipient, 

xenogeneic donor thymic tissue, and xenogeneic donor hematopoietic stem cells, so that 
donor T cells can mature in the implanted donor thymic tissue. 

21 . The method of claim 20, wherein said [ximate is a human and said donor is a 
35 miniature swine. 



22. The method of claim 21 , wherein said disorder is AIDS. 
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